We have investigated the seismicity of Libya in order to understand better the earthquake hazards, the tectonics of the region, and the present-day evolution of the Sirt basin. We first relocated all events occurring between 1931 and 1988 using a bootstrap location technique. We then determined focal mechanisms from firstmotion data. Finally, we used waveform modelling techniques to determine source parameters for the 1935 main shock and its two largest aftershocks.
INTRODUCTION
Libya, situated on the Mediterranean foreland of the African shield, extends over a platform of cratonic basins (Fig. 1) . It is not commonly thought of as being seismically active; however, several earthquakes of magnitude >6.0 have occurred there within this century.
A vast area in the north-central part of Libya comprises the Sirt basin rift system. This basin, at the northern margin of the African continent, has largely been affected by the regional tectonics and geological history of the North African craton. The Sirt basin is represented in the subsurface by NW-SE trending features (Fig. 2) .
The westernmost feature of the Sirt basin is the NW-SE trending Hiin Graben, a classical example of well-exposed normal block faulting. This graben is seismically active and was the site of several large earthquakes in the 1930s (Fig.  2) , including an earthquake of magnitude 7.1 (1935 April), one of the largest historical events on the African continent. In this study we investigate the seismicity of Libya in order to understand better the earthquake hazards, the tectonics of the region, and the present day evolution of the Sirt basin.
Earthquakes that occurred in the 1930s were first relocated using a bootstrap location technique. Focal mechanisms from first-motion data were then determined 25"Nt--- for the 1935 mainshock, two 1935 aftershocks, and events in 1939, 1976, 1972 and 1981 . We then used waveform modelling techniques to determine source parameters of the 1935 mainshock and its two largest aftershocks.
TECTONIC SETTING
The Sirt basin 'rift system comprises a vast area (600 km X 240 km) in the north-central part of Libya and is largely affected by the regional tectonics and geological history of the North African craton. The Sirt basin is considered the youngest basin in Libya and is surrounded to the south and west by the Palaeozoic-age basins of Al-Kufrah, Murzuq and Ghadamis, and to the north-east by the Cyrenaica platform. The surface exposures in the Sirt basin are mainly Tertiary and Quaternary in age, with the youngest beds found in the centre of each segment (Fig. 3) .
The topographic surface expression of the Sirt basin defines a three-armed pattern (Harding 1984) . These three broad graben arms are represented in the subsurface by NW-SE trending features which include the Hun Graben (Fig. 2) , the Sarrir-Hameimat trough and the Tumayan subbasin, which is the least known due to minimal petroleum exploration in that region. The Sirt basin rift system was formed by large-scale subsidence and block-faulting which started in Late Cretaceous time and continued perhaps to the present (Conant & Goudarzi 1967) . Several orogenies have affected the Sirt basin area and formed the pcesent major structural and tectonic features. Recognized major tectonic events include the Caledonian and Hercynian orogenies in Palaeozoic time and other tectonic events during Cretaceous, Middle Tertiary (Oligocene through Miocene), and Holocene time (Goudarzi 1980) . These events caused uplift, subsidence, tilting, and faulting, as well as igneous intrusions. The tectonic evolution of the Sirt basin has been discussed in detail by Goudarzi (1980) and by Mouzughi et al. (1981) .
The general sequence of the development of the Sirt basin is as follows. Palaeozoic basins, namely the Ghadamis, Murzuq, and Al-Kufrah (Fig. 1) . It also produced NW-SE trending structural features and the Arkeno Uplift in the SE (Fig. 1) . The Hercynian orogeny produced the NE-SW trending Gargaf and the Tibisti Arches, and the E-W trending Nafisah uplift and the Jafara plain. The initial fragmentation of the Sirt-Tibisti arch may have occurred in a failed rift associated with the Early Jurassic opening of the Tethys ocean (Burke 1977 1967) . Parts of the rift floor sank to depths of more than 5 km below the present sea level, and a substantial amount of sediment was accumulated (Burke 1977) . Normal faulting was the dominant structural style and extensive volcanism occurred to the west.
The Hun Graben is the westernmost element of the Sirt basin (Fig. 2) . It represents a well-exposed example of a classical normal block-fault structure and is notable for the abrupt E-W dog-leg termination at its south end. This graben is seismically active and was the site of several large earthquakes in the 1930s.
PREVIOUS STUDIES
Studies of earthquake locations in the Hun Graben area have been very limited. The present study of focal mechanisms and source properties is thought to be the first of its kind in this area.
Seismic activity in Libya (Table 1) is documented back to 262 A D and 365 AD, when two large earthquakes destroyed Cyrene (Goodchild 1968) . Sieberg (1932) reported four major earthquakes in Libya occurring prior to the 1930s. A large shock in 704 A D in the Sebha area (Fig.  4 ) destroyed many towns and villages. An earthquake 
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Figure 4. Seismic zonation of Libya as proposed by (a) Mallick (1977) and Kebeasy (1980) . The Al-Aziziyah fault is indicated by dashed line in (b).
occurred in 1183 in Tripoli; about 20000 people were reported killed. A small shock occurred in Tripoli in 1803. Another shock, as reported by Sieberg (1932) , occurred in 1811 near the Libyan-Egyptian border and destroyed the temple of Ammon at Siwa oasis (Kebeasy 1980) . Between 1935 and 1939 a series of large earthquakes occurred in the Hun Graben area, including an earthquake of magnitude 7.1 (1935 April 19), one of the largest historical events on the African continent (Fig. 2) . Two large aftershocks of magnitudes 6.0 and 6.5, and a number of smaller aftershocks followed. In 1939, an earthquake of magnitude 5.6 took place in the Gulf of Sirt area, about 140km to the north-east of the 1935 mainshock (Fig. 2 ). This event was followed by four aftershocks. In 1941, a major earthquake of magnitude 5.6 occurred about 80 km to the south-east of the 1935 mainshock.
The coastal region of the north-western part of Libya in Al-Jabal Al-Akhdar continues to be a seismically active area. Al-Mad was heavily damaged by an rn =5.3 earthquake on 1963 February 21 (Fig. 4) , and was followed by five small aftershocks (Kebeasy 1980; Campbell 1968) . The seismic activity i? this coastal region extends to the north as far as Greece.
The offshore Tripoli area also continues to be seismically active. In 1976, Tripoli and its environs were shaken by an offshore earthquake (about 60 km north-west of Tripoli, with a magnitude of 4.8).
Seismicity in the Gharyan area south of Tripoli seems to be related to the Al-Aziziayh fault (Fig. 4) . In 1977, a vertical seismograph was operated for only six hours in the Gharyan area and it recorded three moderate earthquakes. These earthquakes had not been reported by any nearby stations (Kebeasy 1980) . Mallick (1977) proposed seismic zonation of Libya on the basis of a theoretical estimation of the attenuation of horizontal shear waves, dividing Libya into four seismic zones (Fig. 4a) . Region IV is the highest risk region; it includes the coastal area around Al-Khums, Zlitan, and Misrlah and extends southwards towards Al-Qiiddahiyah, the site of the 1935 mainshock. Region I11 is considered by Mallick as the second highest risk region in the country. This region runs parallel to the coast and covers about 100 km inland. It includes the three major cities of Tripoli, Sirt and Benghazi. Regions I and I1 are further inland, with region I as the lowest risk region. Kebeasy (1980) investigated the seismicity of Libya through a study of earthquakes that occurred from 262 A D to 1977. He concluded that the distribution of earthquakes in space and time suggested the classification of Libya into three major active seismic zones and one aseismic zone (Fig.  4b) . The aseismic zone roughly corresponds to Mallick's zone I, which is a tectonically stable area (except for the earthquake that occurred in the Sebha area in 704AD). Zone I includes the regions of the Gulf of Sirt and its extension both inland and through the Mediterranean; it is characterized by large and shallow earthquakes along both sides of the Gulf. Zone I1 includes the regions of Al-Jabal
Al-Akhdar and its extension north to Greeze. Zone 111 includes the Al-Aziziayh fault which runs W-E from the Tunisian border parallel to the coast as far as the Hun Graben. It also includes that part of the Mediterranean that faces the Al-Aziziayh fault. These zones agree well with the distribution of the major tectonic features. Kebeasy found that damage due to large earthquakes covers an abnormally large area around the epicentres, and attributed this to the low attenuation of seismic waves in North Africa, as well as to poor design of older buildings.
DATA ANALYSIS
The first step in this study was to relocate earthquakes using (1989) . Results are shown in Fig. 2 and Table 2 . Earthquakes occurring since 1980 had relocations with associated. error ellipses that were not significantly different from those listed in the PDE of the USGS, so these relocations are not included in Table 2 . Focal mechanisms for magnitude >4.3 earthquakes were also determined using first-motion data taken from ISS, PDE and ISC listings and supplemented with seismograms read by the authors. A grid search technique (Whitcomb 1973 ) was used to find the mechanism that minimized the number of polarities in error. These mechanisms are shown Table 3 ). Arrows denote strike of P-axes. C: impulsive compression; D:
impulsive dilatation; +: emergent compression; -: emergent dilatation. Shaded areas denote the range of P-axis orientations if one impulsive and/or two emergent arrivals were in error.
in Fig. 5 ( Table 3) . The mechanisms were used as a priori estimates of the focal mechanism during the body waveform inversion process explained below. Seismograms for magnitude >6.0 earthquakes occurring before 1960 were collected from individual seismograph stations. Available seismograms were hand digitized at a rate of 2 sample s-'. Table 4 lists the stations used in the waveform modelling studies.
The waveforms were analysed using the multistep inversion technique of Baker & Doser (1988) , which inverts body waveforms for focal mechanism, source-time function shape, moment, and Focal depth. A priori estimates based on first-motion data and/or geological information are used to speed the inversion process. Results of the waveform inversions are shown in Figs 6, 7 and 8, and are given in Table 3 . (Fig. 2) , seem to align in a NE-SW trending fashion. The first-motion results are shown in Fig. 5 (Table   3) . These results suggest strike-slip and normal faulting occurring throughout the region.
RESULTS
Although
The waveform modelling results of the 1935 mainshock suggest a strike-slip mechanism with one fault plane similar to the strike of the eastern edge of the Hun Graben (Fig. 9) . This focal mechanism is different from the results obtained from first-moton analysis, but is more consistent with the strike of faults within the region. A focal depth of 21 f 3 km was obtained for this event, which is somewhat deeper than earthquakes in other regions of the western continental interior of Africa (Suleiman, Doser & Yarwood 1993) . The lack of surface faulting may be due to the focal depth of this event. A simple source-time function fits this event very well, with no evidence for rupture complexity, which is surprising for an event of this magnitude. The moment magnitude of 6.9 is lower than the magnitude estimate of 7.1. For a rupture duration of 4.5 s and an estimated rupture velocity of 3.5 km sK1, a unilateral rupture length of 16 km is estimated. These values also give an average displacement of 1.8 m.
An aftershock (event Al) of mb=6.0 occurred to the south of the mainshock about 5 h r later (Fig. 9 ). This magnitude is smaller than our estimated moment magnitude of 6.4. A unilateral rupture length of 14 f 2 km is estimated for this event. Waveform modelling results suggest the event has a similar focal mechanism to the mainshock. A focal depth of 15.5 f 3 km is obtained.
Waveform modelling results of the second large 1935 aftershock (event A2, Fig. 9 ) are also similar to the mainshock results, indicating strike-slip faulting. The focal depth of this event is 19*3km. The calculated moment magnitude (6.4) is comparable with the body-wave magnitude of 6.5. A unilateral rupture length of 14 f 2 km is estimated for this event.
The locations of the 1935 sequence of events are shown in Fig. 9 , with number 1 referring to the mainshock and number 7 to the last aftershock. The 1935 mainshock took place about 30 km south of Al-Qiiddahiyah, followed about 1 hr later by an aftershock to the north-west. Aftershock 3 is very poorly located. Aftershock 4 has error bars that encompass the east side of the graben. The fifth aftershock, located on the east side of the Hiin Graben, was in the vicinity of the major 1941 (magnitude 5.3 to 5.9) earthquake. Aftershocks 6 and 7 are the two largest aftershocks. These two events are located on the same NW-SE trend that connects the mainshock and aftershocks 2 and 5. These two aftershocks may have occurred at the southern end of the mainshock rupture. They are also located at the end of a NE-SW trending belt of seismicity where large events occurred in 1939 and 1972 .
The mainshock appears to have ruptured about 16 km to the south-east and probably stopped near the intersection of the Hun Graben seismicity with the NE-SW trend where the 1939 and 1972 events took place (Fig. 9) . About 5 hr after the mainshock, the largest aftershocks of the sequence took place either along a continuation of the NW-SE Hiin Graben bounding fault or along a cross fault. Aftershock 5 and the earthquake of 1941 may have occurred along another cross fault.
DISCUSSION
The recorded number of earthquakes in Libya is not representative of the actual total number because of the small number of seismological stations in the area and the limitations on instrument sensitivity before 1950. In the vicinity of the Hiin Graben area, the number of large earthquakes that have been reported through history is an indication that the area is one of the most seismically active in Libya. Most of the seismic activity is concentrated along the eastern margin of the NW-SE trending Hun Graben. The eastern part of the Sirt basin rift system is less active, with almost no activity within the basin itself. The question that remains concerning the active NW-SE seismic trend along the eastern side of the Hiin Graben is how far to the north this trend could continue. The 1935 mainshock caused no damage, as the epicentre was in a desert area where the population was very sparse; however, about 140km to the north of the epicentre are the two major cites of MisrZtah and Al-Khums. If this seismic trend continues from the Hun Graben to the Mediterranean Sea, site of the 1976 magnitude 4.3 earthquake, these two cities will lie along the seismic zone. The large number of strike-slip earthquakes in western Libya suggest that the existing normal faults are being reactivated in a stress regime related to the convergence of the African plate with the Eurasian plate. Near Sicily, the direction of plate convergence is estimated to be about N19"W (DeMets et al. 1990) .
Inversions of the six focal mechanisms for western Libya (Fig. 10) for stress directions using the method of Gephardt & Forsyth (1984) , however, suggest a near-horizontal (plunge = 15' ) maximum compressive stress oriented N97"E and a minimum compressive stress with strike and plunge of 195" and 25", respectively. The magnitude of the intermediate principal stress relative to the minimum and maximum stresses is 0.8. The average amount of rotation of nodal plane-slip vector orientation needed to align the observed slip direction with the direction predicted by the stress field was 0.9". In this analysis the three focal mechanisms obtained from the waveform modelling studies were weighted twice as much as the three obtained from first-motion studies.
Focal mechanisms in eastern Libya have a wide range of P-axis (Fig. 10) orientations compared with the N7"W convergence direction estimated at Crete (DeMets el al. 1990). The number of focal mechanisms for eastern Libya is not sufficient for stress inversion analysis.
CONCLUSIONS
Global plate models suggest NNW convergence of the African and Eurasian plates in the Mediterranean north of Libya (DeMets et al. 1990 ), but focal mechanisms for Libyan earthquakes suggest a rapid change in the orientation of maximum compressive stress (NNW to NE-SW) within the onshore portion of the African plate. There also appears to be a change in the stress regime across Libya, with dip-slip faulting more prevalent in eastern Libya. The relatively aseismic central portion of the Sirt basin appears to divide these stress regimes.
The western edge of the Sirt basin, including the Hun Graben, has been one of the most seismically active regions in Libya throughout historic time. The 1935 Hun Graben sequence consisted of a complex series of strike-slip earthquakes along the eastern boundary fault of the graben and associated cross faults. More recent activity appears to have extended NE from the graben into the Mediterranean Sea. If the zone of active faults associated with the 1935 and 1941 earthquakes extends toward the north-west, it may pose a significant hazard to the cities of Al-Khums (population 50 OOO), Zlitan (population 50 OOO), and Misratah (population 150 000).
